Introduction
Downy mildew, caused by the oomycete Plasmopara viticola, is the most economically important fungal disease of grapes (Vitis spp.). This devastating disease causes partial or total crop losses and has a severe secondary environmental impact due to the repeated fungicide applications required as a control measure. To achieve sustainable grapevine production, the isolation and incorporation of genes into grapevine that confer resistance to downy mildew would be of considerable economic and environmental benefit.
Recently, genes that confer resistance (R) to different types of pathogens, including viruses, bacteria, fungi, and nematodes, have been cloned by map-based cloning and transposon tagging procedures (Dangl and Jones, 2001; McDowell and Woffenden, 2003; Martin et al., 2003; Meyers et al., 2005) . Apart from Hm1 and Mlo (Johal and Briggs, 1992; Buschges et al., 1997) , amino acid sequence comparison analyses of cloned R genes revealed that they are highly structurally conserved, such as the previously reported conserved domains, leucine zipper (LZ), protein nucleotide binding site (NBS), leucine rich repeat (LRR), transmembrane (TM), and serine/threonine protein kinases (PKs) (Hammond-Kosack and Jones, 1997; Dangl and Jones, 2001 ). Of these cloned R genes, the largest group consists of the NBS-LRR family, which is characterized by the presence of an N-terminal coiled-coil (CC) or Toll-interleukin receptor type (TIR) domain, a nucleotide binding site (NBS) domain, and an extended domain of leucine-rich repeats (LRR) (Bent and Mackey, 2007; McDowell and Simon, 2008) .
The products of R genes act as immune receptors that directly or indirectly sense the presence of a pathogen and trigger strong defense responses, which frequently result in cell death (Jones and Dangl, 2006) and completely stop further pathogen growth. R gene-mediated resistance operates through a few conserved signaling pathways and orchestrates a coordinated activation of defense genes. Within each species, diverse R genes may require distinct signaling pathways and recruit particular subclasses of pathogenesis related (PR) genes (Hammond-Kosack and Jones, 1996) .
Summary
Downy mildew in cultivated grapevines (Vitis spp.), caused by Plasmopara viticola, is a devastating disease that results in considerable economic losses as well as environmental damage due to the repeated application of fungicides. The molecular role of the NBS-LRR family is highly related to plant immune-activity against various pathogens and pests. In this study, the 5′ and 3′ ends of the resistance gene homology fragment, designated as RGA23, were obtained by rapid amplification of cDNA ends PCR (RACE-PCR), and a 2,789 bp full-length cDNA was obtained using the gene-specific primers based on the spliced sequence. The deduced 892 amino acid sequence of this cDNA contains a characteristic NBS-LRR domain of plant resistance genes and a coiled-coil (CC) region. We analyzed the expression of RGA23 under P. viticola infection and abiotic stress at different time points using real-time quantitative polymerase chain reaction (RT-qPCR). The results showed that P. viticola treatment and four tested abiotic stimuli, including SA, MeJA, ABA, and H 2 O 2 , triggered significant inductions of RGA23 within 12 d of inoculation. The results indicate that RGA23 may play a critical role in protecting grapevines against P. viticola through a signaling pathway triggered by P. viticola and these molecules. Keywords coiled-coil region, NBS-LRR, RACE-PCR, RT-qPCR, signaling pathway, Vitis spp.
Significance of this study
What is already known on this subject?
• To identify grapevine RGAs that are potentially involved in host defense against Plasmopara viticola infection, we previously characterized RGAs of the NBS-LRR family and studied their transcript expression. We then selected the Vitis RGA gene RGA23 for further analysis.
What are the new findings?
• In this study, the resistance gene homology fragment, designated as RGA23, were obtained by RACE-PCR. We analyzed the expression of RGA23 under P. viticola infection and abiotic stress at different time points using RT-qPCR. The results showed that P. viticola treatment and four tested abiotic stimuli, including SA, MeJA, ABA, and H 2 O 2 , triggered significant inductions of RGA23 within 12 d of inoculation.
What is the expected impact on horticulture?
• Downy mildew, caused by the oomycete Plasmopara viticola, is the most economically important fungal disease of grapes (Vitis spp.). To achieve sustainable grapevine production, the isolation and incorporation of genes into grapevine that confer resistance to downy mildew would be of considerable economic and environmental benefit. The results indicate that RGA23 may play a critical role in protecting grapevines against P. viticola through a signaling pathway triggered by P. viticola and these molecules. | I s s u e 5 | O c t 0 b e r 2 0 1 5
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Three main phytohormones, salicylic acid (SA), jasmonic acid (JA), and ethylene (ET), have been classically recognized as essential components of responses triggered by pathogens. The SA-dependent signaling pathways usually converge to execute a cell death-like hypersensitive response (HR) and synthesize PR-1 proteins, which effectively halt biotrophs such as P. viticola (Feys et al., 2001; McDowell et al., 2000; Shirasu and Schulze-Lefert, 2003) . The JA/ET defense pathways are more commonly associated with resistance to necrotrophs and response to wounding, general elicitors, and non-host pathogens (Zimmerli et al., 2004) . However, this is not necessarily true for grapevine, as methyl-jasmonate (MeJA) levels in grapevine increase in response to P. viticola, and the application of exogenous MeJA to the leaf lamina alone can trigger cysteine protease-associated cell death (Polesani et al., 2010) . In fact, the persistence of defense responses and the disease outcome are determined by complex networks of interactions between multiple hormone signaling pathways (Santner and Estelle, 2009) . SA-and JA/ETmediated signaling pathways are more tightly connected than initially thought and are not necessarily antagonistic (Mur et al., 2006) .
Recent studies have indicated that other hormones such as abscisic acid (ABA) are also involved in plant defense signaling pathways. In addition, H 2 O 2 has been confirmed as a second messenger in activating defense-gene expression (Orozco-Cardenas et al., 2001) , and H 2 O 2 production is one of the earliest plant responses in incompatible interactions between pathogens and plants (Zhu-Salzman et al., 2004) .
The completion of Vitis vinifera genome sequencing in a highly homozygous genotype and in a heterozygous grapevine variety has led to the identification of putative resistance genes and defense signaling elements (Jaillon et al., 2007; Casagrande et al., 2011) . With the introduction of deep sequencing, a complex gene family encoding NBS-LRR proteins has been isolated and characterized in grapevine (Kortekamp et al., 2008; Hvarleva et al., 2009; Seehalak et al., 2011) . However, functional characterization of Vitis RGAs remains unclear.
To identify grapevine RGAs that are potentially involved in host defense against P. viticola infection, we previously characterized RGAs of the NBS-LRR family and studied their transcript expression (Wang et al., 2013) . We then selected the Vitis RGA gene RGA23 for further analysis. The objective of this study was to isolate the flanking sequence of RGA23 with specific primers designed based on known sequences using rapid amplification of cDNA ends PCR (RACE-PCR). The transcriptional expressions of RGA23 (associated with downy mildew resistance) in grapevine after infection with P. viticola and treatment with molecules including SA, MeJA, ABA, and H 2 O 2 were further investigated by RT-qPCR.
Materials and methods

Plant materials, pathogen infection, and hormone treatments
Two different Vitis species, the resistant Vitis riparia × (labrusca × vinifera) 'Beta' and the susceptible Vitis vinifera 'Thompson Seedless', were used in this study. One-yearold grap evines obtained from a commercial nursery were grown in a greenhouse at 20-30°C and 70-85% relative humidity.
The P . viticola isolate used in this work, which was collected from a Kyoho grapevine at the experimental research station of the Liaoning Academy of Agricultural Sciences (China), was isolated from a single infect ed leaf. A detached leaf with "oil spots" was thoroughly washed under running tap water to remove the sporangia, and incubated in a humid chamber at room temperature overnight for sporulation. The following day, freshly formed sporangia were collected with a brush, inoculated, and maintained on the same cultivar under greenhouse conditions until sporulation.
For pathogen infection and hormone treatment, oneyear-old grapevines were treated with P. viticola and signaling molecules including SA (2 mM), MeJA (100 μM), or ABA (100 μM) in sterile water. For the H 2 O 2 treatment, the seedlings were sprayed with H 2 O 2 (10 μM) in sterile water. Control plants were sprayed with sterile water o nly. To initiate P. viticola infection, the third and fourth grapevine leaves were sprayed with a suspension of 10,000 sporangia per milliliter. The leaves were covered for one night with plastic bags to increase the humidity level, and the plants were maintained in the same greenhouse at 23°C under a 16: 8 h (light: dark) photoperiod.
RNA extraction and cDNA synthesis
Total RNA was extracted from grapevine leaves using an improved Trizol method (Que et al., 2008) and treated with DNase I to remove any genomic DNA contamination. Then, the DNase-treated RNA was reverse transcribed (RT) using the SuperScript First-Strand Synthesis System RT-PCR Kit (Invitrogen, France). RT-PCR without reverse transcriptase enzyme was performed during cDNA synthesis for each mRNA sample to determine whether the sample contained genomic DNA contamination.
RACE-PCR
The 3′-and 5′-ends of RGA23 were elucidated by RACE-PCR using a SMART™ RACE cDNA amplification kit (Clontech , USA) according to the manufacturer's instructions.
Oligonucleotide primers, which were designed based on the sequence of RGA23 (Wang et al., 2013) (Table 1) , and the adaptor included in the kit were used for amplification and sequencing. Forward primers RGA23F1 and RGA23F2 were used as gene-specific primers in the 3′-RACE-PCR. Primer pair RGA23F1 + adaptor was used to produce the first amplicons, followed by semi-nested PCR with the primer pair RGA23F2 + adaptor. Reverse primers RGA23R1 and RGA23R2 were used as gene-specific primers in the 5′-RACE-PCR. Primer pair RGA23R1 + adaptor was used 
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RGA23FullR ACAACCTAATTGCACCC 17 J o u r n a l o f H o r t i c u l t u r a l S c i e n c e Liang et al. | Gene associated with downy mildew resistance in grapevine to produce the first amplicons, followed by semi-nested PCR with the primer pair RGA23R2 + adaptor. Specific fulllength primers were designed based on the split full-length sequence of the open reading frame (Table 1 ). All oligonucleotide primers were designed using Primer 3.0 software (http://primer3.ut.ee/).
Cloning and sequence analysis PCR products were resolved on a 1.5% agarose gel stained with ethidium bromide. The target bands were excised and purified using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA), cloned into pGEM-T Easy vector (Promega, Madison, USA) individually and transformed into the Escherichia coli DH5α host strain. Positive clones identified by PCR and enzyme digestion were sequenced (Sangon Biotech, Shanghai, China).
Full-length cDNAs were assembled and Blasted (BLASTx) against all nucleotide sequences in the NCBI database to localize all sequences in the contig showing similarity to characterized sequences. The genomic DNA sequence of the RGA23 clones was scanned for putative protein coding regions by searching the Genoscope database of grapevine genome sequences. ORF predictions were then performed with FGENESH 2.6 software (Salamov and Solovyev, 2000) and GENSCAN (Burge and Karlin, 1997) . The obtained ORF sequences were Blasted (BLASTX) against sequences in the NCBI database and analyzed using the conserved domain tools of NCBI. Pairwise comparisons and multiple alignments of nucleotide and deduced amino acid sequences were performed using ClustalX software (Thompson et al., 1997) .
Design of specific primers for expression analysis
According to the RGA nucleotide sequences, gene-specific primer pairs were designed using Primer 3.0 software. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; XM_002263109) was validated and used as a reference gene for data normalization (Reid et al., 2006; Selim et al., 2012) (Table 2) .
Real-time quantitative PCR and data analysis
For RT-qPCR, reactions were carried out in 96-well plates in a Bio-Rad CFX96 Real-Time PCR System with Bio-Rad CFX96 Manager Software (Bio-Rad, USA) using a SYBR Green-based PCR assay. Each reaction mix contained 5 μl diluted cDNAs, 10 μl of 2×SYBR Green PCR MasterMix (TaKaRa, China), and 0.25 μM of each primer to a final volume of 20 μl. The reactions were performed under the following conditions: 95°C for 3 min, followed by 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 15 s. The melting curves were analyzed at 55-95°C after 40 cycles. The grape GAPDH gene was used to normalize the samples. In addition, a reverse transcription negative control was included to check for potential genomic DNA contamination. Each RT-qPCR analysis was performed in triplicate and the mean was used for RT-qPCR analysis. The relative expression of R gene was calculated according to the 2 -ΔΔCt method (Livak and Schmittgen, 2001 ). The threshold cycle (CT) values for both the target and internal control genes were the means of triplicate independent PCRs. Data were analyzed using Bio-Rad CFX96 Manager Software and Microsoft Excel 2007.
Results
RACE-PCR product
Degenerate oligonucleotides were utilized to clone the full-length cDNA of RGA23 in grapevine. PCR with the primer pairs F1 + R1 using genomic DNA led to amplicons approximately 350 bp in length. The PCR product was identified by direct sequencing using the primer pair F2 + R2. The 3′-and 5′-termini were elucidated by RACE-PCR using RNA from infected leaves as a template for full-length cDNA synthesis.
Sequence comparison of the two RACE-PCR amplicons with the internal amplicon showed 100% identity in the overlapping regions. In addition, the 3′-RACE-PCR amplicon contained a poly-A motif at the 3′-terminus. Alignment of the three amplicons revealed an ORF of 2,789 bp (Figure 1 ).
Structure and characterization of the full-length sequence of RGA23
Sequence comparison of the full-length cDNA with data from the grapevine genome sequencing project indicated that the transcribed portion of RGA23 is 4,295 bp in length, including a 1.2 kb region containing the promoter sequence upstream of the ATG start codon, a 412 bp 3′-untranslated region (UTR), and a 2,679 bp coding sequence (CDS). The 2,679 bp CDS encodes a protein of 892 amino acids. The predicted RGA23 protein shows all of the characteristic domains of NBS-LRR protein (Figure 2 ). The conserved NBS motifs (P-loop, Kinase-2, Kinase-3, GLPL, and LHD) are highly similar to those of other NBS-LRR-resistance proteins (Traut, 1994; Grant et al., 1995) . A coiled-coil (CC) region is located between residues 8 and 97, indicating that RGA23 belongs to the CC subfamily of NBS-LRR resistance proteins. The LRR domain consists of 13 repeats, which complies well with the consensus motif LxxLxLxx (Kobe and Deisenhofer, 1994) .
Expression patterns of RGA23 during compatible and incompatible interactions with P. viticola
To understand the nature of RGA23 transcripts, we examined the induction of RGA23 expression in response to P. viticola infection using RT-qPCR. Grapevine and related species exhibit a wide spectrum of resistance to the biotrophic pathogen P. viticola, the downy mildew agent. Two different Vitis species, the resistant Vitis riparia × (labrusca × vinifera) 'Beta' and the susceptible Vitis vinifera 'Thompson Seedless', were challenged with P. viticola or water as a control. The expression levels are relative to no inoculation (0 d) in 'Beta' after normalization of the RT-qPCR outputs with the grape GAPDH gene output. . The 3′-RACE-PCR amplicon was revealed with the gene-specific primers RGA23F1 and RGA23F2 (semi-nested PCR). The 5′-RACE-PCR amplicon was revealed with the gene-specific primers RGA23R1 and RGA23R2 (semi-nested PCR). In all RACE experiments, the adaptor primer provided in the SMART™ RACE cDNA amplification kit was used. Twelve days after inoculation with P. viticola, a number of "oil spots" were observed on leaves of the resistant species V. riparia × (labrusca × vinifera), whereas sporangia covered almost the entire leaf surface of the susceptible V. vinifera (data not shown). Transcript accumulation of RGA23 was then quantified after P. viticola infection. Following infection by P. viticola, the transcription of RGA23 in 'Beta' was 1.6-fold higher than that of the water control at 2 d after inoculation. The expression further increased to 3.6-fold at 6 d and peaked at 8 d (4.9-fold). Then, the level of RGA23 expression decreased to 3.7-fold at 10 d and to 1.8-fold at 12 d (Figure 3) . However, the transcription of RGA23 in the susceptible 'Thompson Seedless' was 1.1-fold higher at 2 d, peaked at 4 d (2.6-fold) and decreased to 1.9-fold at 6 d. The observed differences suggest that RGA23 may be involved in the defense response against P. viticola.
Induction of RGA23 expression in response to defense signaling molecules
To evaluate whether expression of RGA23 is induced by the combination of P. viticola infection and various potential resistance-inducing chemicals, we examined the levels of RGA23 transcript in 'Beta' and 'Thompson Seedless' leaves following exogenous application of SA, MeJA, ABA, and H 2 O 2 using RT-qPCR analysis.
Following SA treatment, transcription of RGA23 in 'Beta' reached 3.2-fold at 2 d after treatment, increased to 6.6-fold at 8 d and peaked (7.7-fold) at 10 d. Subsequently, the expression level of this gene decreased but was still 4.9-fold at 12 d post-treatment, which was considerably higher than the background level. In 'Thompson Seedless', the value was 2.4-fold higher at 2 d, increased significantly to 4.2-fold at 6 d and decreased to 3.6-fold at 8 d ( Figure 4A ).
Exposure to MeJA caused RGA23 transcription to increase rapidly, with expression levels increasing to 31.3-fold at 2 d and peaking (54.5-fold) at 8 d in 'Beta'. However, RGA23 transcription decreased clearly after 10 d 40.1-fold and falling to 22.9-fold at 12 d. Similarly, the expression of RGA23 in 'Thompson Seedless' showed a similar "up-down" pattern, although the highest value was only 36.7-fold at 4 d ( Figure 4B ).
Strong induction of RGA23 was detected after treatment with ABA. The expression level of RGA23 in 'Beta' increased 18.1-fold at 2 d, peaked at 8 d (43.6-fold), and then decreased to 31.1-fold at 10 d. The transcription of RGA23 in 'Thompson Seedless' was 10.8-fold at 2 d, peaked at 4 d (34.8-fold) and decreased to 22.7-fold at 6 d ( Figure 4C) .
In response to H 2 O 2 treatment, the expression of RGA23 in 'Beta' peaked at a level of 6.3-fold higher at 4 d than that at 0 d. The expression of this gene decreased steadily thereafter. In 'Thompson Seedless', the value significantly increased to a level 3.6-fold at 2 d and decreased to 2.1-fold at 4 d ( Figure 4D ).
Taken together, these data show that RGA23 was strongly induced by exogenous application of SA, MeJA, ABA, H 2 O 2 , and observed P. viticola infection, suggesting that RGA23 may be involved in defense responses via a signaling pathway activated by these molecules.
Discussion
Most resistance genes that have been cloned over the past two decades belong to the NBS-LRR family, and proteins with NBS and LRR domains are associated exclusively with plant disease resistance (Lukasik and Takken, 2009 ).
The domain architecture of NBS-LRR is consistent with its role in pathogen recognition and defense response signaling (Ameline-Torregrosa et al., 2008) . NBS-encoding genes are widely distributed in diverse plant genomes. For instance, approximately 341 NBS genes (84 CC-NBS-LRR and 37 TIR-NBS-LRR genes) have been identified in the grape genome (Velasco et al., 2007) .
Using homology cloning technology, we previously obtained a number of incomplete homologous sequences of disease resistance genes (Wang et al., 2013) . Two methods can be used to obtain full-length gene sequences. One method is to screen a gene library and the other is to use RACE-PCR. RACE-PCR is the most simple and effective technique for amplifying the 5′ and 3′ ends of the target fragment from low abundance transcripts, and it is used widely to elongate or clone target fragments to obtain the full-length gene or to find additional genes.
In this study, the full-length sequence of RGA23 was obtained, and the NB-ARC domains including the P-loop, Kinase 2, Kinase 3, GLPLAL, and LHD conserved motifs were found using the conserved domain tools from NCBI. The two major NBS-LRR subfamilies can be distinguished by the presence or absence of an amino-terminal Toll/interleukin-1 receptor-like domain (Meyers et al., 1999) . There are many genes in the non-TIR subgroup of NBS-LRR genes, most of which carry a CC structure or a leucine zipper (Bai et al., 2002) . The RGA23 gene encodes a CC structure located between amino acids 8 and 97 similar to that of the CC-NBS-LRR family. The LRR domain consists of 13 repeats, which complies well with the consensus motif LxxLxLxx. These sequences were found within the N-terminus of RGA23 (Figure 2 ). Based on this structural conservation, we deduced that RGA23 belongs to the CC-NBS-LRR class of resistance-related genes.
Most plant resistance genes are transcriptionally regulated in response to pathogen attacks. In the present study, we investigated the expression patterns of RGA23 to gain insight into its involvement in the plant defense response (Figure 3) . The expression level of RGA23 in the resistant V. riparia × (labrusca × vinifera) 'Beta' infected with P. viticola are higher than that of susceptible V. vinifera 'Thompson Seedless' in the same periods, excepting the level of 'Thompson Seedless' reached 2.6-fold in the fourth day. Moreover the peak of expression level of RGA23 in 'Beta' is twice as that of 'Thompson Seedless' , which suggest that a correlation exists between activating this gene and resistance to P. viticola. Thus, RGA23 may be involved in P. viticola-induced defense responses. Similar expression patterns have been observed for Pib and Hs1 pro-1 , a blast resistance gene in rice (Wang et al., 1999 (Wang et al., , 2001 , and for a downy mildew resistanc e gene in Cucumis (Wan et al., 2010) .
Previous studies have demonstrated that signaling molecules not only function as critical signals for downstream resistance events, but they also up-regulate the expression of R genes. For example, in Arabidopsis, SA treatment induces the expression of SSI4, encoding a putative protein belonging to the TIR-NBS-LRR class of R proteins, as well as the closely related TIR-NBS-LRR genes RPP1 and RPS4 (Shirano et al., 2002) . In grapevine, of the VvMLO genes tested, VvMLO4, VvMLO6, and VvMLO10 displayed the most marked responses to SA treatment (Feechan et al., 2008) . Several studies also report that SA and MeJA act antagonistically in defense reactions (Cipollini et al., 2004; Mur et al., 2006) . However, more recent studies indicate that they act J o u r n a l o f H o r t i c u l t u r a l S c i e n c e Liang et al. | Gene associated with downy mildew resistance in grapevine synergistically (Bari and Jones, 2008) . In this study, the P. viticola-inducible RGA23 gene was activated not only by SA but also by other defense-signaling molecules (MeJA, ABA, and H 2 O 2 ; Figures 4A-D) , suggesting that these stimuli induce the expression of RGA23 and that RGA23 may play a role in mediating crosstalk between defense-signaling pathways. Expression of RGA23 was induced by SA and MeJA, suggesting that the two stimuli have synergistic roles in mediating defense responses in 'Beta' and 'Thompson Seedless'. However, the induced RGA23 gene transcript patterns were distinct. In 'Beta', the SA-induced RGA23 transcript levels peaked at 10 d and increased 7.7-fold over the level observed at 0 d, whereas the MeJA-induced transcript levels peaked (54.5-fold increase over 0 d) at 8 d, suggesting that RGA23 may be mainly involved in the defense responses through the signaling pathway activated by these two molecules at different time points.
VvMLO8 and VvMLO10 in grapevine showed over 50-fold higher transcript levels upon H 2 O 2 treatment (Feechan et al., 2008) . However, some researchers have also expressed opposite views. For example, expression of Ha-NTIR11g, an RGA related to downy mildew infection in sunflower (Radwan et al., 2004) was not induced by exogenous signaling molecules (i.e., ABA, H 2 O 2 ). In our study, the expression level of RGA23 in 'Beta' was much higher than that observed in 'Thompson Seedless' with ABA and H 2 O 2 treatments except the early periods (4 d in ABA treatment and 2 d in H 2 O 2 treatment).
Taken together, these results suggest that RGA23 is activated in both the resistant V. riparia × (labrusca × vinifera) 'Beta' and the susceptible V. vinifera 'Thompson 
